■ INTRODUCTION
Lignocellulosic biomass is a promising feedstock for the production of renewable fuels and chemicals. One key challenge limiting effective utilization of biomass resides in plant-evolved cell wall recalcitrance 1 or resistance to degradation imparted by the higher-order structure of plant cell walls. The physical structure of the plant cell wall matrix can be considered a nanostructured composite material, with networks of cellulose fibril bundles and matrix polymers forming cell wall layers. 2 Networks of microfibrils are associated and potentially cross-linked with amorphous hemicellulose polysaccharides through noncovalent interactions. 3 In lignified secondary cell walls, this network can contain lignin, which is deposited to impart structural rigidity, reduce water and solute permeability, and limit extracellular interactions. 4 While containing similar major cell wall components, monocots and dicots contain different abundances and substitutions of hemicelluloses, 3 as well as variations in lignin composition, abundance, and structure. 4 As a unique feature to grass cell walls, the presence of hydroxycinnimates, specifically p-coumarate and ferulate can account for a nontrivial fraction of lignin composition. 5 Ferulates have the capacity to dimerize, as well as form ferulate ester cross-links to xylans, resulting in xylan-lignin covalent linkages that have been hypothesized to contribute to cell wall recalcitrance in developing tissues as well as certain anatomical fractions. 6 Thermochemical pretreatment can be applied to improve the deconstruction of plant cell wall polysaccharides by cellulolytic enzymes, 7 with the goals of pretreatment to reduce recalcitrance by removing or redistributing hemicellulose and lignin, disrupting the crystalline structure of cellulose, or disrupting the cell wall ultrastructure. Pretreatments often have the net effect of increasing cellulose accessibility to cellulolytic enzymes. 8 While cellulose accessibility can be considered as the ability for an enzyme to bind to cellulose and hydrolyze a glycosidic bond, this property is often indirectly assessed as accessible surface area defined by a combination of particle size, porosity, and pore volume. 9 Porosity in the context of the plant cell wall matrix can be due to a combination of composition and structural features impacting the rigidity and internal surface area of the composite polymer network. Lignin is a hydrophobic component when sufficiently removed from the cell wall, has been directly associated with loss of cell wall rigidity. 10 Xylan removal is also associated with increases in cell wall porosity, however is coupled to a certain level of lignin removal depending on pretreatment. 11 Removal or relocalization of cell wall components alters the structural integrity of the cell wall matrix, allowing swelling and contraction in response to the solvent, exhibiting behavior similar to a hydrogel. It is with this model in mind that porosity is a dynamic term that defines both structural features and cell wall response to environmental conditions.
Techniques that measure properties of porosity often measure bulk property metrics of the cell wall such as water− cell wall associations using the water retention value (WRV), 12 measuring cell wall surface adsorption with dyes of known hydrodynamic radii to determine accessible substrate area using the Simons' Stain technique 13 or of fluorescent-labeled enzymes for direct enzyme accessibility measurements. 14 Water constraint measured using T 2 NMR relaxometry provides information on the extent of water−cell wall hydrogen bonding, with increased water constraint associated with increased water accessibility within the cell wall. 15 Pore volume is a specific characteristic of porosity, defined by the porous nature of the cell wall in an idealized slit model. In the idealized slit model, the cell wall is thought of as a series of variably spaced lamellae that contain distinct pore size and therefore pore volume characteristics. 16 The effect of cell wall component removal or relocalization during pretreatment can be associated with changes in the cell wall ultrastructure inducing 3D topographical changes in the form of induction of pore formation or voids. 17 Techniques to measure cell wall pore distributions quantify the interaction of water within the pores to determine pore distributions. Solute exclusion utilizes the availability of porous water to influence diffusion of a probe of a known hydrodynamic radii into a pore of equal or larger diameter, 16 however, is dependent upon uniform pore sizes for accurate pore volume determination. 18 Differential scanning calorimetry-thermoporometry quantifies heat endotherms associated with freezing point depression of water closely associated with an interface, 19 whereas 1 H NMR cryoporosimetry quantifies water content through similar thermochemical assumptions. 20 However, cryoporosimetry requires assumed pore geometries to extract meaningful pore distributions.
The relationship between pore volume and enzymatic hydrolysis has been investigated in multiple studies. Originally observed as differences in the initial rates of glucose hydrolysis for acid-pretreated hardwoods and softwoods, 21 a positive correlation between pore volume and enzymatic hydrolysis has also been determined in other pretreatment and feedstock systems such as chlorite-delignified sugar cane bagasse. 22 Other studies have not observed similar trends, with dilute acid pretreatment of corn stover showing no discernible relationship between pretreatment severity, hydrolysis yield, and pore volume. 20 Different methods of measuring pore properties such as Simons' Stain coupled with differential scanning calorimetrythermoporometry have been recently used to evaluate alkali, autohydrolysis, and multistage pretreatments of wheat straw, concluding that delignification increases pore accessibility, while autohydrolysis increased cellulose accessibility at the expense of restricted pore accessibility. 23 Our prior work has also demonstrated relationships between water sorption, water retention, and settling volume as predictors for enzyme binding and enzymatic hydrolysis using alkaline hydrogen peroxide and liquid hot water pretreatment of corn stover and switchgrass. 12 The goals of this study are to investigate corn stover subjected to a range of pretreatment conditions that include alkaline hydrogen peroxide (AHP) delignification and liquid hot water (LHW) pretreatment. These pretreatment-modified feedstocks are used to assess the impact of pretreatment on cell wall structural properties and to highlight key relationships between cell wall properties and enzymatic hydrolysis. The role of nanoscale porosity as a key structural property is investigated in the context of both solute exclusion measured accessible pore volumes, WRV-determined accessible water−cell wall surface area, and solute-induced cell wall swelling. Correlations derived from both these chemical and physical changes in the cell wall are developed and these properties are then related to enzyme accessibility and enzymatic hydrolysis of cell wall polysaccharides.
■ METHODS AND MATERIALS
Biomass and Composition Analysis. Corn stover (Zea mays L. Pioneer hybrid 36H56) harvested in 2012 was milled with a Wiley Mini-mill (Thomas Scientific) to pass a 5 mm screen and air-dried to a moisture content of approximately 5% prior to any pretreatments. Milled material was sieved, and a particle size distribution between 425 μm and 1 mm was selected for use in all pretreatments and subsequent experiments. Cell wall lignocellulosic material was isolated following the extraction and destarching procedure outlined by Foster et al., 24 including three sequential washes of 70% ethanol, 1:1 methanolchloroform, and acetone to obtain alcohol insoluble residue (AIR). AIR was destarched using 50 μg Amylase/mL H 2 O (Bacillus sp., Catalog # A7595, Sigma-Aldrich St. Louis, MO) and 18.7 units of Pullulanase (Bacillus acidopullulyticus, Catalog # P9286 Sigma-Aldrich, St. Louis, MO) in a 0.01% sodium azide solution, with rotary mixing (Intelli-Mixer, ELMI-tech, Newbury Park, CA) at 37°C overnight. The noncellulosic neutral monosaccharide content of the wall matrix polysaccharides was determined following trifluoracetic acid (TFA) hydrolysis of the destarched AIR followed by derivatization of the monosaccharides as alditol acetate method by GC/MS according to Foster et al. 24 Lignin content was determined on AIR biomass using the NREL/TP 510-42618 protocol. 25 Composition analysis was performed in technical triplicate.
Pretreatments. AHP pretreatment was performed using four different H 2 O 2 to biomass loadings, 0, 0.06, 0.12, and 0.25 g H 2 O 2 /g biomass, at an insoluble solid loading of 15% (mass biomass per total liquid volume). Samples were prepared in 250 mL Erlenmeyer flasks, sealed with parafilm to allow expansion due to O 2 evolution, and placed in an incubator at 30°C with shaking at 180 rpm for 24 h. The pH was maintained at 11.5 during pretreatment, with adjustments at 3 and 6 h using 3 M NaOH. 12 LHW pretreatments were performed in a 5 L M/K Systems digester (M/K Systems, Inc., Peabody, MA, U.S.A.). Using 100 mL pressure tubes (Ace Glass, Sigma-Aldrich, St. Louis, MO), 6.0 g of biomass was loaded with 70 mL of deionized water, yielding a solids content of 8.5% (mass biomass per total liquid volume). Pretreatment conditions were specified at either 160°C for 30 min or 190°C for 5 min, with a heat-up rate of 1.0°C/min and a cool-down rate of approximately 1.0°C/min. All biomass following pretreatment was washed until clear, vacuum filtered with a 200 mesh Buchner filter to a moisture content of approximately 85% measured gravimetrically, and stored at 4°C. AHP pretreatment on LHWpretreated material for two-stage pretreatments was performed under identical conditions as described previously, using thoroughly washed LHW pretreated material dried to a moisture content of about 5% and sieved to ensure similar particle sizes as the initial AIR material. Material drying for hornification measurements was performed in a temperature-controlled oven (Isotemp, Fisher Scientific) at 105°C.
Enzymatic Hydrolysis. Enzymatic hydrolysis was performed on never-dried pretreated material in 250 mL Erlenmeyer flasks using 5% (insoluble mass biomass per total liquid volume) dry solids loading with the moisture content of the never-dried material determined separately to achieve the target solids loading. Reaction media was buffered pH 5.2 using 50 mM sodium citrate buffer, with pH adjustments occurring after 6-h and 24-h hydrolysis times. Tetracycline and cycloheximide at a total concentration of 40 μg/ mL each were used as antimicrobials during hydrolysis. Enzyme loading was performed using Cellic CTec3 and HTec3 (Novozymes A/S, Bagsvaerd, Denmark) at 20 mg protein/g glucan for CTec3 loading, and 10 mg protein/g glucan for HTec3 loading when HTec3 was added. Hydrolysis was performed at 50°C with orbital shaking at 180 rpm and sampling was taken at 6-h and 72-h total hydrolysis times to represent short-term hydrolysis yields (6-h) and complete depolymerization yields (72-h). Samples were centrifuged at 13000g for 2 min postincubation and filtered using 22 μm mixed celluloseester filters (EMD Millipore, Billerica, MA). Samples were quantified by HPLC (Agilent 1100 Series) equipped with an Aminex HPX-87H column (Bio-Rad, Hercules, CA, U.S.A.) using a mobile phase of 5 mM H 2 SO 4 at 65°C. Glucose yields were determined based on quantified glucose (as glucan) relative to total glucan available, including noncellulosic glucan. All hydrolysis runs were performed in technical triplicate.
Water Retention Value. Water retention values (WRVs) were determined according to a modified version of TAPPI UM 256, as previously described, 12 with a centrifuge speed of 4000g for 15 min. Briefly, approximately 2.5 g of wet prewashed biomass samples was soaked in about 150 mL of either deionized water, or one of four NaCl solutions (0.25, 0.5, 0.75, and 1.0 M). After soaking for 1 h, samples were rinsed with around 200 mL of deionized water to remove salts and vacuum filtered using a 200-mesh Buchner filter. Washed biomass was inserted into a spin-column (Handee Spin Column Cs4, Thermo Scientific) with a 200-mesh stainless steel membrane. Biomass was added to form a circular cake devoid of large spaces, with care taken to avoid inducing drainage of biomass from pressing into column. Nonbound water was drained via centrifugation at 4000g for 15 min. The mass of the drained biomass was determined using tared aluminum trays, and dried in an oven at 105°C for at least 3 h, then weighed again. The WRV was determined as the ratio of the mass of water remaining in the biomass after centrifuging divided by the mass of dry biomass. WRV was determined in technical triplicate.
Solute Exclusion. Solute exclusion was performed following the original protocol outlined by Stone and Scallon, 26 using a series of neutral dextran probes of increasing molecular weight, with some minor modifications to the procedure. Table 1 lists the probes used in this study, which were obtained from Sigma-Aldrich. For this, approximately 5.0 g of wet, or 1.0 g of oven-dried biomass was added to tared 50 mL centrifuge tubes and reweighed after biomass addition. About 10 mL 0.4% (w/v) dextran solution by was added to each tube, and reweighed. Tubes were vortexed for thorough mixing, stored at 4°C for 48 h, and periodically vortexed for the duration of probe-biomass mixing. A 1 mL sample was taken, centrifuged at 13 000g for 2 min, and transferred to a sealed vial for HPLC (Agilent 1100 Series) analysis. Biomass solids were thoroughly washed to remove the dextran probes in centrifuge tubes through dilution with water followed by centrifugation and solid−liquid separation, which was repeated three times. Centrifugation was performed at 900g for 3 min, with washed biomass dried overnight in a 105°C oven to determine oven dry biomass weight. Probe concentration was quantified using refractive index on the HPLC, with no column attached as described previously. 20 Blanks were used to determine any background or nondextran probe contributions to the refractive index signal. Inaccessible pore volume was determined as previously outlined. 18 Samples were performed in technical triplicate. Enzyme Binding. Enzyme-binding experiments were performed on never-dried biomass using 0.2 g biomass (dry basis)/ 10 mL solution buffer solution containing a cellulase cocktail (Cellic CTec3). Binding isotherms were determined for protein concentrations over a range of 0 to 3.0 mg/mL (protein content determined using nitrogen adsorption) in a 50 mM Na-citrate buffer solution at pH 5.2. Samples were mixed overnight at 4°C using rotary mixing (Intelli-Mixer, ELMI-tech, Newbury Park, CA). Bound protein mass was determined from the difference between unbounded protein in free solution to total initial protein concentration determined using the Bradford method. 27 Bound protein fraction was determined using a standard calibration curve of initial protein concentrations. Bound enzyme fractions were determined from linear fit of bound enzyme for the linear region of the Langmuir adsorption isotherm as described in our previous work. 12 Samples were performed in technical duplicate, with error associated with linear regression fitting determined. work. 28 The LHW-pretreated biomass showed significant xylan removal through solubilization, with the 160°C condition containing about 8% residual xylan by mass, while the 190°C LHW condition had near complete removal of xylan. Residual biomass was enriched in cellulose and lignin content for both conditions and was consistent with primarily xylan solubilization observed with corn stover LHW pretreatment. 29 The combination of LHW pretreatment followed by AHP delignification was performed at two AHP loadings (0.06 and 0.25 g H 2 O 2 /g biomass) for both LHW pretreatment conditions to generate pretreated feedstocks with modified xylan and lignin content. These pretreatment combinations represent a wide range of altered cell wall compositions, with cellulose accounting for up to 80% total mass for the most severe pretreatment condition (Figure 1 ). Interestingly, the lowest H 2 O 2 loading for AHP delignification (0.06 H 2 O 2 /g biomass) for both LHW-pretreated biomass conditions resulted in significantly higher removal of lignin compared to the same AHP delignification conditions and may be due to lignin relocalization associated with LHW pretreatment above the glass-transition temperature increasing lignin accessibility to removal by AHP after LHW pretreatment.
Subsequent enzymatic hydrolysis was performed on neverdried pretreated biomass using either a cellulase cocktail (Cellic CTec3) or a combined cellulase/hemicellulase cocktail (CTec3 + HTec3) to measure the impact of cell wall composition and, indirectly, the modification of the higher-order structure of the cell wall matrix by pretreatment on the rate and extent of cellulose enzymatic hydrolysis. Results for 6-h and 72-h glucose hydrolysis yields, representing initial rate and final extent of hydrolysis respectively, are shown in Figure 2 . These results show that enzymatic hydrolysis using a cellulase and hemicellulase cocktail on the AHP-only pretreated biomass resulted in high (94%) glucose hydrolysis yields at the highest H 2 O 2 loading, while LHW-pretreated biomass achieved only a 54% glucose yield at the highest severity. Interestingly, a glucose yield of only 83% was observed for the highest severity twostage pretreatment, which can be attributed to cell wall structural changes from the two-stage pretreatment limiting enzymatic hydrolysis. Reductions in cellulose accessibility resulting from cellulose aggregation induced by sufficient removal of noncellulosic components in the cell wall would explain both reduced hydrolysis kinetics, as well as limited cellulose hydrolysis. 30 The cellulase enzyme cocktail used in this study (i.e., CTec3) has been shown to contain a suite of accessory enzymes including xylanase and pectinase activities. 31 Furthermore, this cocktail is capable of effectively hydrolyzing pretreated biomass with low to moderate hemicellulose content without any additional accessory enzymes; 31 however, significantly lower yields are observed in pretreated feedstocks containing a substantial fraction of the original xylan, such as the AHP-only samples. 32 In the AHP-only case, delignification may increase enzymatic hydrolysis effectiveness; however, as reported in prior studies, cellulose accessibility is likely inhibited by both lignin and xylan content, 33 with lignin limiting accessibility to xylan-coated cellulose microfibrils. Therefore, for AHP-only pretreated biomass, we can hypothesize that without removal of xylan, significant regions of the cell wall matrix remain partially inaccessible to cellulase binding. This result is further exemplified by the similar yields observed between the cellulase only and cellulase plus hemicellulase for the 160°C LHW twostage pretreatments (Figure 2 ), which contain significantly lower xylan content compared to the AHP-only pretreatments. Enzymatic hydrolysis using only the cellulase cocktail also resulted in notable lower 6-h glucose hydrolysis yields for all samples, indicating that lack of xylanase and pectinase hinders initial hydrolytic rate of cellulases due to xylan limiting cellulose accessibility. It is noted however that 6-h glucose hydrolysis yields may be impacted by incomplete depolymerization of cellulose oligosaccharides in solution and cannot be deconvoluted in this study due to only quantification of glucose monomeric sugars. This conclusion is further supported by higher initial yields associated with highly delignified samples, with delignification acting as an alternative avenue to increase enzyme accessibility. 34 Nonproductive adsorption may also play a role in limiting enzymatic hydrolysis effectiveness, as there was a noted increase in enzymatic hydrolysis yields between the cellulase only and cellulase plus hemicellulase cases for the two-stage 190°C LHW-pretreated biomass, as xylan content accounted for less than 2% of total cell wall mass. This result indicates higher overall enzyme loading may limit the effect of nonspecific binding of enzymes to lignin by providing more protein for Figure 2 . Enzymatic hydrolysis glucose yields of pretreated corn stover samples. Results of never-dried hydrolysis of pretreated samples for 6-h total hydrolysis time are plotted in blue and dotted green, while 72-h total hydrolysis times are plotted above in orange and striped gold. Solid bars represented hydrolysis conditions using only 20 mg protein/g glucan cellulase loading, while patterned bars represent hydrolysis conditions using both 20 mg protein/g glucan and 10 mg protein/g glucan hemicellulase loading. Analysis was performed in technical triplicate. * indicate statistical significance between 72-h CTec3 only and 72-h CTec3 + HTec3 for each pretreatment condition (Student's t test 95% confidence).
adsorption to the charged surface of lignin, effectively neutralizing the lignin surface and promoting cellulase adsorption to cellulose.
Cell Wall Swelling in Response to Increasing Solvent Ionic Strength. Water retention value is a property that can be used to capture a number of different structural features of the cell wall matrix as they relate to cell wall association with water. As demonstrated in our recent work, WRV can be used to predict enzymatic hydrolysis in two different alkaline pretreatments under a range of conditions, 35 with WRV able to capture higher-order changes in the cell wall associated with nanoscale porosity and cellulose accessibility in compositionally diverse pretreated samples. WRV is used similarly in this study to understand changes in higher-order structure; however, WRV are lower in this work due to changes in methodology increasing the amount of dewatering compared to prior work. 12 In the present work, the WRV without an added solute was found to increase with increasing H 2 O 2 loading in the AHPonly pretreatment case, as well as increasing severity for LHW pretreatment ( Figure 3 ). Increases in WRV were also observed between low and high H 2 O 2 loading for individual two-stage pretreatments. These results indicate delignification by AHP and xylan removal by LHW pretreatment can increase the amount of water associated with the cell wall matrix. A noted decrease in WRV in the 190°C LHW two-stage pretreatments may be attributed to two contributions; the first suggesting delignification in low-xylan cell walls removes sufficient spacer components that could be hypothesized to result in cellulose aggregation and collapse of the cell wall matrix, limiting available sites for water entrapment. The second contribution may be due to lignin content making up a larger composition fraction of the 190°C LHW two-stage pretreatments compared to the AHP-only and 160°C LHW two-stage pretreatment, and subsequently limiting the amount of water associated with the cell wall.
The values for WRV in the presence of an added solute showed noted decreases for the high H 2 O 2 loading AHP-only samples, as well as 160°C LHW two-stage pretreatments, while no decrease in WRV was observed in the 0 g/g H 2 O 2 AHP-only sample or the LHW only samples. The impact of increasing solvent ionic strength on cell wall water retention has been investigated largely in the context of pulp and paper applications. 36 From our results, delignification appears to be the primary contributor to solute-induced changes in WRV and can be interpreted as a change in cell wall rigidity. Within the secondary cell walls of grasses, lignin forms a rigid matrix, with ferulate-mediated cross-links between within lignin and between lignin and xylans preventing physical cell wall expansion in response to the solvent environment. 5, 37 Lignin content within the cell wall correlates to the extent of enzymatic hydrolysis in grasses, with greater than 50% cell wall delignification associated with high (>80%) hydrolysis yields. 10 Disruption of lignin structure through sufficient cleavage of cross-links and solubilization can be proposed to contribute to a loss of cell wall rigidity, allowing the cell wall to exhibit hydrogel-like behavior in the presence of solutes.
The equilibrium swelling of hydrogels is known to depend on factors that include the cross-link and charge densities of the polymer networks, while increases in the number of ionic groups in hydrogels can increase the swelling capacity by increasing osmotic pressure that driving the infiltration of solvent into the polymer network. 38 This behavior has been observed in carboxymethyl cellulose gels and to a lesser extent sulfite pulps, which exhibited changes in WRV corresponding roughly to the content of acidic groups. 36 AHP pretreatment has been shown to increase the cell wall carboxylate content, 12 which would explain the swelling behavior of AHP-delignified biomass, although solute-induced changes in WRVs are not as pronounced as prior work using chlorite-delignified pulps. 39 The extent of noncovalent physical association of cell wall components contributes to the ability of the cell wall to swell, as cell wall swelling is not as pronounced in the two-stage 190°C LHW-pretreated biomass, which can be hypothesized to be due to partial cell wall coalescence.
Accessible Volume Distributions Determined by Solute Exclusion. A set of dextran probes was next employed to assess the accessible nanoscale volume within the pretreated biomass. Accessible volume distributions were determined by subtraction of inaccessible volumes from the inaccessible volume at the largest probe size (560 Å), representing the total volume for a sample. 16 It should be noted that these volumes are not direct measurements of cell wall pores but rather effective pore diameter based upon idealized probe diameter in solution; 40 thus, they will be referred to as probe diameter in this work, as shown in Figure 4 . From these results, there are clear differences in accessible volumes between AHPonly, LHW-only, and two-stage pretreatments. In the AHP-only samples, accessible volume was restricted to only smaller (<12 Å) probe sizes for the 0 g/g H 2 O 2 pretreated sample, while increasing H 2 O 2 loading resulted in significant increases in accessible volumes for both small and large probes, indicating the formation of larger (>39 Å) porous voids. 16 Studies using chlorite-delignified sugarcane bagasse have yielded highly similar accessible volume distributions to the AHP-only pretreated samples in this work, indicating that delignification of diverse graminaceous biomass feedstocks results in similar cell wall responses and that lignin removal may result in the formation of water-accessible surfaces within the cell wall. 22 Accessible volume distributions in the LHW samples showed some noted increases in accessible volumes for probes between Figure 3 . Cell wall swelling measured using water retention in the absence and presence of a salt. Water retention value (WRV) of neverdried corn stover at varying pretreatments measured after incubation in water only (blue bars) or 1 M NaCl (orange bars). Samples were performed in technical triplicate (n = 3), with standard deviation shown on figure. * indicates statistical significance between 0 M NaCl and 1 M NaCl for individual pretreatment conditions (Student's t test 95% confidence). 39 and 136 Å in the 160°C LHW and 190°C LHW condition; however, larger probe volumes were similar to the 0 g/g H 2 O 2 AHP-only pretreated sample. In addition, overall accessible volumes were considerably lower compared to AHP-only pretreated samples, indicating limited accessible volume formation in LHW-only samples. One explanation for the limited accessible volumes observed in LHW-only samples may be due melting and relocalization of lignin during pretreatment from spaces between cellulose microfibrils to the cell wall surface 41 together with xylan solubilization that may result in coalescence of cellulose microfibrils, decreasing the enzyme accessibility of the cellulose ( Figure 5C ). For sequential two-stage pretreatment, low H 2 O 2 loading coupled with the 160°C LHW pretreatment condition resulted in accessible volume distributions comparable to the highest H 2 O 2 loading for AHP-only pretreatment condition. Increased H 2 O 2 loading of the 160°C LHW condition resulted in higher accessible volumes for the larger probes coupled to minimal increases in smaller probe accessible volumes. This trend was also observed between the low and high H 2 O 2 loading for the Figure 4 . Accessible volume distributions measured by solute exclusion. Accessible volumes of never dried corn stover were determined using neutral dextran probes of average molecular weight range (see Table 1 190°C LHW condition, and it likely indicates the formation of larger porous regions with increased H 2 O 2 loading rather than the formation of more porous regions in the cell wall as observed in the AHP-only conditions. Smaller probe (<136 Å) accessible volumes were also considerably lower in the 190°C LHW two-stage pretreatments compared to the 160°C LHW conditions and support the previously proposed mechanism of either a collapse of interlamellar layers within the cell wall at high overall pretreatment severity, or through cellulose aggregation reducing cell wall porosity due to the lack of xylan to act as a spacer. 30 On the basis of results from enzymatic hydrolysis, WRV, and solute exclusion, the following model ( Figure 5 ) was derived for cell wall changes resulting from pretreatment. Figure 5 displays compositional changes resulting from pretreatment in the form of xylan and lignin abundance and location within the cell wall, as well as xylanlignin ferulate ester cross-links abundance. Structural changes to the secondary cell wall are reflected by increases in fibril bundle spacing demonstrating interlamellar nanoscale porosity and intralamellar microfibril spacing, with both reflecting nanoscale porosity and accessible surface areas.
Impact of Drying-Induced Pore Collapse on Cell Wall Properties and Enzymatic Hydrolysis. Drying-induced hornification was investigated for select pretreatment conditions to determine the impact that changes in higher-order structure of pretreatment-modified cell walls have on cell wall swelling, accessible volumes, and enzymatic hydrolysis yields in compositionally diverse samples. The results show that ovendrying resulted in significant changes in accessible volume distributions ( Figure 6A ), with decreases in accessible volume observed to some extent for all samples relative to the neverdried samples. There was, however, a stark contrast in how significantly accessible volumes decreased, with samples subjected to AHP delignification demonstrating highly altered accessible volumes, compared to 0 g H 2 O 2 /g biomass AHP and 190°C LHW only pretreated biomass, which demonstrated only minimal loss of accessible volumes. 42 Furthermore, there was a noted decrease in volumes accessible to larger probes in samples subjected to AHP delignification. These results can be related to the structural model presented in Figure 5 , with drying resulting in the collapse of larger porous regions within the cell wall ( Figure 5B ), while samples containing higher fractions of lignin ( Figure 5C ) maintained their ability to sorb water within nanoscale pores. 43 WRVs were also observed to substantially decrease ( Figure  6B) , with all samples experiencing at least a 40% decrease in WRV after drying and exhibited a closer distribution of WRV between pretreated biomass compared to the never-dried WRV. Hornification has been demonstrated to reduce accessible internal surface area within delignified wood fibers that limits water sorption. 44, 45 This can be visualized in Figure 5D , with oven-drying removing water and resulting in the irreversible coalescence of some cell wall components. 46 For the enzymatic hydrolysis yields after oven-drying, the biomass delignified at high H 2 O 2 loadings demonstrated the largest decrease in 6-h hydrolysis yields ( Figure 6C ), followed by less significant decreases for the other pretreated samples. The 72-h hydrolysis yields were only significantly lower in the 0.25 g/g H 2 O 2 AHPonly pretreated biomass. As the AHP-delignified biomass is the sample most impacted by drying-induced hornification, this indicates that the hydrated spaces within the cell wall of these samples, presumably containing mostly xylan, are most susceptible to irreversible coalescence. Interestingly, prior work using 0.50 g/g H 2 O 2 AHP-delignification followed by lyophilization resulted in no differences in final hydrolysis yields. 32 Different methods of drying have been shown to influence extent of hornification and have been explored in the context of altered cell wall properties. 47 Enzyme Binding. As noted earlier, the commercial cellulase cocktail contains a number of accessory enzyme activities other than cellulase. As a result, the observed bound protein curves represent general protein binding rather than for binding of a specific cellulase. In addition, contributions from cell wall biopolymers other than cellulose (i.e., hemicellulose and lignin) can contribute to the observed adsorption behavior through nonspecific or nonproductive binding. 48 However, binding isotherms are useful for assessing the impact of pretreatment on enzyme-accessible surfaces. The results in Figure 7 show the percent of bound enzyme measured as a fraction of total enzyme in solution for a linear range of enzyme loadings representing the linear, low-concentration region of the binding isotherm. The percentage of bound enzyme increased with increasing H 2 O 2 loading for AHP-only pretreated biomass, comparable to results published in our prior work. 12 The LHWonly pretreated biomass had a lower percentage of bound enzyme compared to the higher severity AHP-only pretreated biomass, indicating that structural changes induced by LHW pretreatment alone do not impact enzyme adsorption the same extent as AHP-delignification. The two-stage pretreatments showed increases in the fraction of bound enzyme with both H 2 O 2 loading and to a lesser extent with LHW pretreatment severity; however, low H 2 O 2 loadings were still comparable or higher than all but the highest H 2 O 2 loading AHP-only pretreated biomass.
Correlation of Properties. By correlating compositional and structural properties of pretreatment-modified plant cell walls to hydrolysis yields, a number of important trends can be identified that provide insight into cell wall matrix changes. The first major trend that can be observed is that comparing 72-h glucose hydrolysis yields to lignin content ( Figure 8A) shows three distinct linear relationships between AHP-only and each LHW condition. From this, lignin content can be shown to be correlated with hydrolysis in the context of increased H 2 O 2 loading, and therefore, extent of delignification resulting in increased enzymatic hydrolysis yields. The other major compositional difference between each grouping in Figure 8A is the amount of xylan present (shown as a range for each grouping on Figure 8A ), which can be taken as a proxy for the extent of cell wall modification during LHW pretreatment.
Next it was observed that glucose hydrolysis yields were positively correlated with 90 Å probe accessible volumes ( Figure 8B ). Cell wall volumes accessible to the 90 Å dextran probe were selected to correlate with hydrolysis yields, as 90 Å corresponds to a slightly larger probe size than necessary for reasonable estimation of typical cellulase (e.g., TrCel7A). 49 Notably, as the accessible volumes increased, the 72-h hydrolysis yields were observed to approach saturation. This trend is reasonable, because although accessible volumes may indicate increased accessibility within the cell wall for cellulases, there is likely a limit to the extent accessibility plays in increased enzymatic hydrolysis relative to other intrinsic factors. 50 Interestingly, for this data set the accessible volumes across multiple probe sizes were shown to directly correlate to lignin content, with AHP-delignified biomass exhibiting a strong negative correlation with accessible volumes at 39, 90, and 136 Å probe sizes ( Figure 8C ), while LHW-only and twostage pretreated biomass accessible volumes correlated only to the 136 Å probe size ( Figure 8D ). These correlations indicate that for biomass subjected to AHP delignification, increases in the nanoscale probe-accessible volumes can be directly related to the extent of delignification as proposed in the schematic in Figure 5B . Accessible volumes observed in AHP-delignified biomass also likely contribute to enzyme penetration within the cell wall, with prior correlations between enzyme binding and accessible pore volumes shown in sulfite-pretreated hardwoods 50 and alkali-delignified hardwoods. 51 The fraction of bound enzyme was demonstrated to exhibit a strong positive correlation to glucose hydrolysis yields irrespective of pretreatment conditions or composition ( Figure  9A ). This result is not surprising as cellulase binding and glucose hydrolysis yields are well-known to be correlated in diverse feedstocks subjected to diverse compositional changes resulting from pretreatment. 12, 33 Correlation plots of WRV versus 72-h hydrolysis yields two distinct trends ( Figure 9B) , with the AHP-only pretreatment resulting in a clear linear trend between WRV and hydrolysis yields as demonstrated in our prior work, 12, 35 while a second trend with a different slope was observed for the two-stage 160°C LHW-pretreated biomass. No trend was observed for the two-stage 190°C LHWpretreated biomass followed by AHP delignification ( Figure  9B ), and based upon these results, there appears to be some relationship between glucose hydrolysis yields with wateraccessible surface area in pretreated biomass not exhibiting cell wall coalescence due to significant noncellulosic component removal. In addition, these distinct, pretreatment-dependent trends are comparable to what we identified in our prior work with AFEX-pretreated corn stover or switchgrass exhibiting distinct trends for at different ammonia loadings. 35 As a final correlation between properties, WRV has also been proposed as a proxy for measuring fiber saturation point (FSP), 52 which is generally defined as the total inaccessible volume at 560 Å. 16 Additionally, WRV and FSP are hypothesized to measure similar properties in pulps. 53 Linear comparisons between the WRVs and FSPs for never-dried and oven-dried pretreated biomass measured show distinct linear trends (Figure 10 ). In the never-dried samples, the slope of the linear relationship was less than one, indicating WRV measurements were higher than the equivalent inaccessible volume measurement. This is important, because one of the limitations of the solute exclusion method resides in the inability for water in porous regions with nonuniform or narrow openings to interact with the dextran probes during the soluteexclusion technique, 18 while WRV accounts for water localized within porous regions of irregular geometries. 26 After oven drying, the slope between inaccessible volume and WRV was effectively unity, indicating that the solute exclusion and WRV techniques quantify similar cell wall properties after oven drying. The substantial drop in these properties is clearly attributed to hornification, resulting in the collapse of certain cell wall porous regions and reductions in accessible surfaces shown previously ( Figure 6 ). Based upon this comparison, WRV likely overmeasures total accessible surface area compared to the FSP in the never-dried case, which may be due to WRV also incorporating water−cell wall binding in the form of intralamellar water association within cellulose microfibrils or between microfibrils not be quantified by the FSP. Based upon the two-stage LHW pretreated biomass exhibiting higher WRV relative to FSP (Figure 10 ) compared to the AHP-delignified only biomass, this may be an appropriate evaluation, as xylan removal could increase water−cellulose microfibril interactions, 54 while still being inaccessible to quantification by the solute exclusion method. The results and correlations presented in this study provide an avenue of feedstock tailoring within grasses to promote cell wall nanoscale properties conducive to improved enzymatic hydrolysis yields. Specifically, increases in accessible nanoscale surfaces promote high enzymatic hydrolysis yields and depend primarily on cell wall changes induced by AHP pretreatment ( Figure 5 ). It is reasonable to hypothesize that other pretreatments resulting in similar cell wall properties such as increased nanoscale accessible volumes, WRV, and cell wall swelling would also demonstrate high enzymatic hydrolysis Figure 9 . Comparisons between glucose hydrolysis yields and (A) bound enzyme fractions and (B) water retention value. Glucose hydrolysis yields taken from Figure 2 were from 72-h total hydrolysis time using an enzyme solution of CTec3 and HTec3. WRV were taken from Figure 3 , and bound enzyme fractions were taken from Figure 7 . yields comparable to the 0.25 g/g H 2 O 2 AHP-only pretreatment.
In summary, AHP delignification and LHW pretreatment of corn stover in this study yielded a series of compositionally diverse feedstocks exhibiting significantly different cell wall properties, that were used to assess how both compositional and structural features impact cell wall recalcitrance to enzymatic hydrolysis. Specifically, we were clearly able to demonstrate that, while the mechanisms by which AHP and LHW pretreatment improve cellulose accessibility are dramatically different, both pretreatment types were shown to increase hydrolysis yields, enzyme sorption, and WRV. AHP delignification was shown to result in a substantial increase in accessible volumes to a series dextran probes, while LHW pretreatment resulted in only changes to smaller accessible probe distributions. Solute-induced cell wall swelling measured by WRV showed AHP-delignified pretreatments displayed partial loss of cell wall rigidity, which may explain in part larger accessible volume distributions and increased porosity in AHPdelignified biomass. Overall, this study highlights the importance that cell wall organization and modification during processing during biorefining processing can have on feedstock response to enzymatic hydrolysis.
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